Introduction
The alternative oxidase (AOX) of plant mitochondria is widely used as a model to study the regulation of genes encoding mitochondrial proteins in response to stress or mitochondrial dysfunction (Vanlerberghe and McIntosh, 1997; Finnegan et al., 2004; Clifton et al., 2006; Rhoads et al., 2006) . In addition to AOX several other genes are also induced by treatments that perturb mitochondrial function. A protein encoded at the locus At2g21640 has been shown to be induced by oxidative stress (Sweetlove et al., 2002) and subsequently defined as one of five hallmarks of oxidative stress (Gadjev et al., 2006 ). An analysis of a large number of microarray data indicated that a gene encoding a protein called BCS1, an orthologue of a protein involved in assembly of cytochrome bc 1 in yeast (Nobrega et al., 1992) , changes transcript abundance in response to at least as many treatments as AOX1a in Arabidopsis (Clifton et al., 2006) . Also a gene encoding an external NAD(P)H dehydrogenase, NDB2, follows a similar pattern of transcript change to AOX1a in Arabidopsis (Clifton et al., 2005) . However, it is unknown if or how the signalling pathways that regulate the transcript abundance for these genes interact and how many signalling pathways exist.
An initial microarray analysis of AOX induction suggested significant overlap in the global pattern of transcript abundance changes between chemical inhibition of mitochondrial function, and abiotic and biotic stresses.
This suggests an overlap in the pathways responsible for induction of AOX and stress responsive genes (Yu et al., 2001) . A comprehensive analysis of over 250 arrays supported this initial observation, indicating that induction of AOX transcript occurs under a variety of stress treatments, with a greater response to abiotic stresses (Clifton et al., 2006) . In addition, co-expression of NDB2, was observed in almost all cases of AOX1a induction, suggesting coregulation (Allocco et al., 2004; Clifton et al., 2005; Clifton et al., 2006; Elhafez et al., 2006) . Biochemical studies suggest there are at least two pathways that signal the induction of AOX. These pathways include a reactive oxygen species (ROS) independent pathway, based on the ability of added citrate to induce AOX transcript and protein without any observed increase in ROS in tobacco suspension cells, and a ROS dependent pathway (Vanlerberghe et al., 1998; Gray et al., 2004) . In soybean, a similar conclusion was reached 6 based on the ability of added citrate to induce the expression of AOX1, which was inhibited by the protein kinase inhibitor staurosporine, whereas induction of AOX1 by antimycin A was not sensitive to addition of staurosporine (Djajanegara et al., 2002) .
Although much research has been carried out into the various parameters that can induce AOX (activity, protein or transcript), there is a scarcity of information of how these varied treatments lead to the induction of AOX at a molecular level (Vanlerberghe and McIntosh, 1997; Finnegan et al., 2004; Rhoads and Subbaiah, 2007) . The regulatory regions of genes, generally referred to as promoters, are the end point of any signalling pathway for induction at a transcriptional level. An analysis of the AOX1a promoter from Arabidopsis to determine which regions were responsible for stress response concluded that a 93 bp region, termed the mitochondrial retrograde response region (MRR), responded to two different treatments, antimycin A and monofluoroacetate (Dojcinovic et al., 2005) . This is of interest as antimycin A inhibits Complex III and monoflouroacetate inhibits the TCA cycle, thus these two treatments might mimic the ROS and citrate pathways that have been proposed above. It is not known if these treatments act on the same or distinct cis-acting regulatory elements (CAREs) in this 93 bp region and if similar CAREs are present in other genes encoding mitochondrial proteins that are induced under similar circumstances.
In addition to the fact that promoters are the end point of signalling pathways, the response of the promoter reveals the transcriptional response to the treatment, whereas analysis of transcript abundance, protein or activity levels also incorporate a variety of post-transcriptional regulatory mechanisms. To gain a better understanding of the induction of genes encoding mitochondrial proteins at a transcriptional level, we analysed the promoter region of Arabidopsis AOX1a to provide a basis to compare the promoters of other stress responsive genes. AOX1a is the highest expressed 7 to be induced with AOX1a after stress treatment (Clifton et al., 2006) , NDB2, a gene at locus At2g21640, known as "up-regulated by oxidative stress" (UPOX) and BCS1. Also the response in transcript abundance of these genes in various defence signalling mutants was determined to investigate which signalling pathways are involved. A cellular context for the induction of AOX1a was obtained by analysing the occurrence of these elements in the promoters of all genes in Arabidopsis.
Results

The transcript abundance of nuclear genes encoding mitochondrial proteins change in response to a variety of treatments
The alterations in transcript abundance for AOX1a and NDB2 upon treatment with H 2 O 2 , rotenone, salicylic acid (SA) and citrate have been previously documented (Clifton et al., 2005; Clifton et al., 2006) . Microarray analyses suggests that transcript abundance for genes encoding other mitochondrial proteins are also altered in response to these treatments (Clifton et al., 2006) . The changes in transcript abundance upon treatment for UPOX, BCS1, PR1a (pathogen related protein 1a, a positive control for response to SA (Shah, 2003) ) and ubiquitin (UBC, a gene that is unresponsive to a wide variety of treatments (Czechowski et al., 2005) ) were analysed using quantitative RT-PCR (QRT-PCR) (Figure 1 ). The data for AOX1a and NDB2 are re-plotted from Clifton et al. (2005) for comparison and the same samples were used to determine the transcript abundance for the genes outlined above. The QRT-PCR data demonstrate that transcript abundance for UPOX and BCS1 increase with these treatments, however there are differences in the magnitude and kinetics of the response. In the case of AOX1a, the response to all treatments (except citrate -see below)
peaked at 3 h, with transcript abundance increasing approximately 6-fold for treatment with H 2 O 2 , rotenone and SA. The transcript abundance for NDB2 was most similar to that of AOX1a, except that it peaked at 12 h, with increases of 4 to 8-fold evident with H 2 O 2 , rotenone and SA. For both AOX1a and NDB2, transcript abundance decreased at 24 h compared to the peak observed at 3 or 12 h respectively. In the case of UPOX transcript abundance for treatment with H 2 O 2 and rotenone was not significantly different at 3 h, but 8 increased afterwards with a 20-fold increase observed with rotenone at 24 h.
BCS1 differed in that treatment with SA caused, by far, the greatest increase in transcript abundance at all time points, with greater than a 25-fold increase observed at 12 and 24 h. Thus even though analysis of microarray data at single time points suggest that these four genes are all co-expressed in response to a variety of treatments (Clifton et al., 2006) , analysis of the kinetics and magnitude suggest significant differences in the response that may be overlooked in global analysis. This suggests that the induction of transcript abundance for these genes is not identical and that different regulatory mechanism may be involved.
The transcript abundance of all the genes tested was largely unresponsive to citrate (Figure 1 ), with only NDB2 showing barely a two-fold increase in transcript abundance after 24 h.
Identification of sequence elements that play a role in the stress response in the promoter of AOX1a
The stress responsive AOX1a promoter (Dojcinovic et al., 2005) , was used as a starting point to identify CAREs that play a role in regulating expression under various treatments. Five prediction programs were used to identify putative regulatory cis-sequence elements in the AOX1a promoter:
PlantCare (Rombauts et al., 1999) , PLACE signal scan (Higo et al., 1999) , AthaMap (Steffens et al., 2004) , Athena (O'Connor et al., 2005) and AGRIS (Palaniswamy et al., 2006) . These approaches predicted numerous putative sequence elements in the AOX1a promoter region (Clifton, 2006) , therefore three methods were used to distil this number with the aim of increasing the likelihood of targeting elements involved in the H 2 O 2 and rotenone response.
Firstly, lists of genes that were co-expressed with AOX1a were constructed, allowing elements to be predicted from these co-expressed groups (Clifton, 2006) . Secondly, we used a bi-clustering approach (Holt et al., 2006) to form a list of co-expressed genes from which motifs were predicted that could describe the patterns of transcript abundance observed. Finally, a phylogenetic approach compared the promoter regions of AOX1a to the AOX promoter regions of soybean (Thirkettle-Watts 2004 ). An outline of the predicted elements for AOX1a is shown in Supplementary Figure 2 . Different 9 methods were used to predict the elements and with no significant experimental data relating to CAREs in the AOX1a promoter, it was not possible to rank or prioritise the elements. Element E, predicted by comparison with the soybean AOX promoter sequences and by the coexpression environments was identified as active in a previous study (Dojcinovic et al., 2005) . We tested all the elements identified by phylogenetic comparison: elements A1, A2, B1, B2, E, J, K and L; bi-clustering elements B1, B2, H; and six elements predicted using hierarchical clustering coexpression: elements C, D, F, G, I1, and I2 (Figure 2 ). This group therefore consists of elements predicted by more than one approach: B1 and B2, predicted using bi-clustering and by comparison with soybean; elements predicted in several co-expression environments: I1 and C; and elements predicted by single approaches: F and G, identified only from co-expression environments; H, identified from bi-clustering; and elements J and K, identified by comparison to soybean. Altogether, fifteen different elements were tested, representing twelve distinct sequences as three occurred twice in the promoter region analysed. Table 1 ). A positive role in response to H 2 O 2 treatment was defined for ten elements (B2, C, D, E, F, G, H, I1, I2 and J). Deletion of these elements abolished or suppressed the increase in GUS activity driven by the AOX1a promoter in response to H 2 O 2 treatment. The greatest fold change in this study was observed with the deletion of B2 resulting in a five fold increase of GUS activity. Deletion of this element also largely abolished induction of GUS activity by H 2 O 2 with an increase in levels only 20% of the increase observed in the control. This defines element B2 as a strong repressor under normal conditions, which can be partially de-repressed by H 2 O 2 and to a lesser extent rotenone. Elements C, D, E, F, G, H, I1, I2 and J displayed a similar pattern in that the 50% increase in GUS activity observed with hydrogen peroxide treatment was largely abolished upon deletion. However, deleting these elements had little or no effect on basal levels of GUS activity, Figure 3) . Elements A1 and D act as repressors of the rotenone response as deletion of these elements was accompanied by a greater response to rotenone. Elements F, I1 and J were classified as positive response elements to rotenone on the basis that deletion resulted in a loss of induction of GUS activity in response to rotenone treatment.
The elements A2, E, I1 and I2 acted as an activator and B2 as a repressor under untreated conditions. Deletion of the A2, E, I1 and I2 resulted in the loss of GUS activity whereas deletion of the B2 resulted in an increase in GUS activity.
Functional elements in AOX1a also function in other genes that are coinduced with AOX1a under various treatments
The promoter regions of NDB2, UPOX and BCS1 were searched for the presence of the CAREs that were functional in AOX1a, and promoter fragments containing these elements were cloned and tested for function and response to treatments. Six of the functional elements found in AOX1a were also found to be present and functional in the 1 Kb upstream region of the transcriptional start site of NDB2; elements B, C, F, G, H and I (Figure 2 , 2.5 fold, however it was not responsive to rotenone and only slightly responsive to SA ( Figure 4A ). Removal of the overlapping B+I element reduced reporter activity to 50% and induction by H 2 O 2 , was abolished. The BCS1 promoter only contained one common element, H and the ~ 700 bp region upstream of the transcriptional start site of BCS1, containing this element was cloned and tested. A 2.5 fold response to SA was observed, along with a small but significant response to rotenone but no response to H 2 O 2 , ( Figure 4B) . Deletion of the H element revealed that it plays no role in driving expression.
The AOX1a and NDB2 promoters showed no response to SA (Fig 4C) .
To test for a repressor to SA induction in the AOX1a and NDB2 promoters, extensive analysis of the effects of SA on the AOX1a and NDB2 promoters was performed. Each predicted CARE was deleted and various lengths of the upstream region were tested, but no response to this treatment was observed (data not shown). Thus it was concluded, using the promoters' regions that were responsive to H 2 O 2 and rotenone, that no SA response regions were present. Finally, we tested the effect of citrate on the AOX1a promoter and also detected no increase in promoter activity (data not shown). 
Hydrogen
Analysis of transcript abundance of genes encoding mitochondrial proteins induced under stress in signalling mutant backgrounds
An alternative approach to characterise the pathways that regulate the expression of mitochondrial proteins under stress is to use mutants compromised in various defence signalling pathways. Transcript abundance of genes encoding mitochondrial proteins was assessed in a variety of these lines, representing the major phytohormone signalling pathways. Specifically; pad4 (phytoalexin deficient mutant), which acts upstream of SA and is essential for SA-dependent defence pathways (Glazebrook and Ausubel, 1994; Jirage et al., 2001; Glazebrook et al., 2003) ; npr1 (non-expressor of PR1 gene) required for the expression of defence genes and acts downstream of SA (Cao et al., 1994; Shah, 2003) ; eds4 (enhanced disease susceptibility), which acts downstream of SA (Gupta et al., 2000) ; etr1 which confers ethylene insensitivity in Arabidopsis (Chang et al., 1993) ; jar1 which is deficient in jasmonic acid signalling, particularly associated with defence against insects and necrotrophic pathogens (Staswick et al., 1992; Beckers and Spoel, 2006) that interacts with other ABA responsive transcription factors (Giraudat et al., 1992; Nambara et al., 2002) and NahG, plants that express bacterial salicylate hydroxylase that breaks down SA (Lawton et al., 1995; Bowling et al., 1997) .
Three expression patterns were observed for the stress-responsive genes encoding mitochondrial proteins ( Figure 6 ). BCS1 was different from all the other genes, decreasing in eds1, pad4 and NahG plants, consistent with a role for SA signal induction, but notably this does not depend on NPR1, defining its induction as SA dependent but NPR1 independent, distinguishing it from PR1 (Uquillas et al., 2004) . It was notable that the reduction in transcript for PR1a and BCS1 was also greater in magnitude than for AOX1a, NDB2 and UPOX. In NahG plants, BCS1 transcripts were essentially absent, while PR1 was just detectable -both reduced by > 100 fold compared to the ~5-fold reduction for AOX1a, NDB2 and UPOX. This difference is reflected in the induction of the promoters by SA, the promoter of PR1a previously described to be SA responsive (Yang et al., 2000; Uquillas et al., 2004) and BCS1 in this study. AOX1a differed to NDB2 and UPOX in that it was upregulated in abundance in pad4 and eds1. However, the increase in transcript abundance of AOX1a, NDB2 and UPOX was similar in some the signalling mutants npr1, jar1, abi3 and etr1.
A predicted co-regulatory context for AOX1a
To explore the association between stress response and presence of stress responsive elements identified in AOX1a, we compiled a list of the genes that contain 6 or more of the elements defined as functional in this study in their promoters (AGI, 2000) , resulting in a list of 1141 genes. As with any CARE, there is an expected random occurrence of these elements Changes in transcript abundance of these 1141 genes, containing 6 or more elements, in response to treatments designed to induce oxidative stress were investigated in a number of publicly available microarray data sets (Supplementary Table 2 more elements that did not show a 1.5 fold-change in five treatments only 121 genes did not respond to any treatment, the others responded to 4, 3, 2 or 1 treatment (Supplementary Table 2 ). Analysis of these 121 genes revealed that 106 of them have expression levels too low to be detected across all microarrays experiments, while the other 15 genes were too low to be detected in 75% of the microarray experiments. Also it is possible that some combinations of 6 of the 12 elements do not act in a combinatorial manner to regulate gene expression in planta.
To investigate any percentile distribution differences in sub-cellular localisation between the list of 601 stress responsive genes and the whole genome, lists of genes encoding proteins targeted to the mitochondria and the chloroplast were generated (Supplementary Table 2 ). Lists of 1025 mitochondrial and 1407 chloroplastic proteins were isolated, corresponding to 3.22% and 4.48% of the whole genome respectively. Both mitochondrial and chloroplastic proteins are significantly enriched in the list of 601 genes, at a p value <0.0001 according to a chi-squared test, making up 10.98% and 8.4%
of this list respectively.
To verify the role of the promoters of these genes in the transcript response we tested the ability of the promoters of a candidate set of ten genes to drive the expression of GUS under H 2 O 2 treatment. The only criterion used to select genes was that they encode proteins involved in a variety of functions. The promoters tested were for genes encoding transcription factors involved in stress responses (Eulgem, 2005) , a ring finger E3 ligase that has been reported to play a role in the hypersensitive response (Kawasaki et al., 2005) , stress induced proteins predicted to be targeted to mitochondria and chloroplasts and NIMIN-1, a protein that negatively regulates the activity of NPR1 (Weigel et al., 2005) . Transcript analysis of the ten candidate genes revealed six were up-regulated and four were down regulated in response to both H 2 O 2 and rotenone ( Figure 7 ) and analysis of the promoter regions of the ten candidates revealed that they were all significantly responsive to H 2 O 2 treatment in a manner consistent with changes in their transcript abundance (Figure 7 ). Thus it was concluded that the AOX1a promoter region contains stress responsive regulatory elements that occur in the promoters of several other stress responsive genes. give different binding specificities. Element B2 and E in AOX1a overlap with an ABI4 binding site (Koussevitzky et al., 2007) and I1 overlaps with a G-box binding site, defined as a light responsive cis-element (Menkens et al., 1995; Terzaghi and Cashmore, 1995) . This provides a direct mechanism through which AOX1a can be regulated and/or co-regulated with photosynthetic function, consistent with previous reports that AOX expression is under diurnal control (Dutilleul et al., 2003) . This I1 element overlaps with an ABRE core, and is in close proximity to another ABRE element, I2, forming an ABRE-ABRE pair (Gomez-Porras et al., 2007) , that is proposed to mediate characterised SA responsive elements, such as the as1 element that is present in the BCS1 promoter region (Lam et al., 1989; Jupin and Chua, 1996) . It is well established in mammalian systems that hormones have transcriptional and post-transcriptional effects on regulating transcript abundance (Ing, 2005) and that zinc finger transcription factors can bind both DNA and RNA in mammalian systems (Clemens et al., 1993; Lu et al., 2003. Finally, it cannot be ruled out that there are other elements that control the SA response for AOX1a, NDB2 and UPOX.
A similar response of AOX1a, NDB2 and UPOX in the mutants etr1, abi3, jar1 and npr1 further support the model that they share common components in signalling pathways which regulate their expression, distinct from BCS1. The exact effects of these mutants on altering transcript abundance cannot be determined from these studies due to the complexity of interactions between various phytohormone signalling pathways (Fujita et al., 2006) . However, it was evident that the transcript abundance of AOX1a only increased in the pad4 and eds1 mutants, indicating that it is regulated distinctly by these components compared to the other genes examined in this study. Although PAD4 and EDS1 act upstream of SA to regulate SA signalling (Brodersen et al., 2006) , the fact that only AOX1a transcript increases, suggests an SA independent induction of AOX1a in these mutants. Such a pathway has been described for regulation of various transcripts in pad4 and eds1 (Bartsch et al., 2006) . Notably, these proteins play a central role in mediating programmed cell death conditioned by Toll-like receptors. A role for AOX in modulating programmed cell death is well described in tobacco lines which have altered AOX levels (Ordog et al., 2002; Robson and Vanlerberghe, 2002; Amirsadeghi et al., 2006) . Thus, the up-regulation of AOX1a transcript abundance suggests that this is a unique signalling pathway that regulates AOX1a expression compared to NDB2 and UPOX. In plants deficient in the prohibitin AtPHB3, an inner mitochondrial membrane protein involved in mitochondrial respiration and morphology, the expression of 
Conclusion
The integrative use of promoter activity information, transcript analysis and mutants in specific signalling cascades provides a solid base for dissecting the intricate mechanisms underlying gene expression under stress conditions. Based on our results we propose that the mitochondrial stress response is mediated by at least three distinct pathways at the transcriptional level ( Figure   8 ): a SA dependent pathway, a second pathway that converges on a number of CAREs, previously characterised to bind ABA responsive transcription factors, and a third pathway that acts via EDS1 and PAD4 regulating AOX1a.
Furthermore, we propose from the analysis of the promoters and transcripts in this study that SA acts to increase transcript abundance for AOX1a, NDB2
and UPOX via a post-transcriptional mechanism (Figure 8 
Materials and Methods
Cloning of Arabidopsis promoter regions
The promoter regions were cloned using standard protocols and subcloned 
Construction of pLUS
The pLUS vector was created as follows. The LUC+ gene, flanked by the omega translational enhancer (5') and E93' terminator (3') (Welsh et al., Arabidopsis mutant lines were obtained from ABRC at TAIR; defence signalling mutants pad4 -CS3806, eds4 -CS3799, npr1 -CS3726, abi3 -CS24, jar1 -CS8072, etr1 -CS6374. NahG seed was kindly donated by Prof.
Xing Wang Deng from Yale University.
Biolistic transformation and assays for Luc and GUS
Transformation was performed using the PDS-1000 system using the activity was measured at 2 second intervals over 20 seconds, using the Polarstar Optima (BMG Labtechnologies, Offenburg, Germany). GUS activity was determined using the fluorimetric GUS assay (Jefferson et al., 1987) . Assay samples were taken over an hour at 3 minute intervals. Fluorescence was measured using the Polarstar Optima (BMG Laboratories, Offenburg, Germany) with excitation at 355 nm and emission at 460 nm. The normalised GUS activity was determined by dividing the GUS fluorescence value by the luciferase activity value for each sample, thus eliminating variation due to transformation efficiency. A minimum of nine replicate bombardments were carried out per construct. GUS activities measured for each construct were determined and expressed as a percentage and normalised to control conditions.
In the case of the AOX1a promoter, the region 1.85 Kb upstream of the transcriptional start site was taken as previously 1.3 Kb upstream of the transcriptional start site had been shown to be responsive to some treatments (Dojcinovic et al., 2005) . To test the function of various elements the 5 to 8 bp element were deleted. In the case of the other promoters regions that contained the elements defined as functional in AOX1a were cloned and elements deleted. 
Predicting functional elements in the promoter region of Arabidopsis AOX1a
Three approaches were used to predict functional elements in the promoter region of AOX1a, defined as the sequences upstream of the transcriptional start site. These approaches were: 1) defining a common coexpression environment for AOX1a and NDB2 (marked in red, Supplementary   Figure 2 ), for AOX1a (marked in blue, Supplementary Figure 2 ) and using the promoter regions of the genes within the co-expression environments to predict putative sequence elements. Briefly, six co-expression environments were created using 3 linkage methods (average, centroid and complete) and 2 distance metrics (Euclidean and Pearson). Elements were identified in these co-expression environments using the PLACE signal scan (Higo et al., 1999) and PlantCare (Lescot et al., 2002) . Additionally, the promoter regions of AOX1a and NDB2 alone were also used to predict elements (marked in green, Supplementary Figure 2 ). This analysis was restricted to the 1000 bp upstream of the transcriptional start site to restrict the number of elements predicted. 2) using a bi-clustering approach with a list of genes encoding mitochondrial proteins (Holt et al., 2006) 
Defining a putative co-regulatory environment for AOX1a
For each functional sequence element identified in the AOX1a promoter in this study, a gene list was generated containing all Arabidopsis genes with these sequences in their upstream regions using the Patmatch were generated, they were compiled such that the overlap, i.e. genes containing more than one element, could be identified. Lists of mitochondrial and chloroplast targeted proteins were generated using the SUBA database (http://www.plantenergy.uwa.edu.au/applications/suba2/index.php), searching for organellar proteins confirmed via experimental methodology.
Calculating expected random occurrences of motifs
Assuming each base, A, T, C or G, has an equal chance of being incorporated into an element within the promoter region, the expected random occurrence of any motif of defined length in a given promoter region, as 
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can be obtained from the original studies. CEL files were subjected to a MAS5 normalisation to generate present/absent calls and a GC-RMA normalisation to summarise fluorescent intensity values for further analysis. Probe sets which were determined as absent across all of the chips were removed and fold-change values were calculated as described above for each control versus treatment condition, for a set of 886 genes with 6 or more motifs.
Additionally, a fold-change cut-off of 1.5 fold was applied and changes less dramatic than this were removed. Table 1 . The activity of the wild-type promoter region (normalised value set to 100%) and corresponding deletion was tested with QRT-PCR in the defence signalling mutants etr1, abi3, pad4, npr1, jar1 and eds1 and NahG and compared to Col-0 where expression was set to 100%. Figure 2. Summary of the predicted cis-acting regulatory elements in the AOX1a and NDB2 promoter regions. Putative cis-acting regulatory elements were identified in the AOX1a promoter region using a variety of prediction methods. Numbering is from the transcriptional start site (TSS), bases 5' are indicated with a "-" and bases after the TSS with a "+". The predicted translational start codon ATG is indicated. The twelve elements tested were designated A to L and if the element occurred more than once it was designated by both a letter and a number. A region termed the mitochondrial retrograde response region (MRR) defined in a previous study is indicated that contain element E analysed in this study (Dojcinovic et al., 2005) . with the promoter fragment being tested. A * (green asterisk) indicates a significant difference (p ≤ 0.05) between the GUS activities of treated samples with un-mutated versus mutated promoter fragments indicating that when the element was absent the stress response was compromised. The latter two tests define a significant stress response when the element was present (* black asterisk), which is affected when the element was deleted (* green asterisk). Data for all six elements are shown for NDB2, the data for elements A1, A2, B1 and B2 are shown for AOX1a, the data for the other elements tested are shown in supplementary figure 3. Figure 6 . Expression of AOX1a, NDB2, UPOX, BCS1, PR1a and UBC in defence signalling mutants. The transcript abundance was determined by QRT-PCR in the defence signalling mutants etr1, abi3, pad4, npr1, jar1, eds1 and NahG and compared to Col-0 where expression was set to 100%. Figure 7 . The response of promoter regions that contain sequence elements defined as functional in AOX1a. Determination of promoter driven response to H 2 O 2 of 10 genes, each containing 6 or more sequence elements defined as functional in AOX1a. Six genes whose transcript abundance is up-regulated after H 2 O 2 treatment and four genes whose transcript abundance is down-regulated after H 2 O 2 were tested. All promoters displayed a significant response in agreement with the trend observed in transcript abundance. A * (black asterisk) indicates a significant difference (p ≤ 0.05) when comparing the GUS activity between mock treated and treated samples. Activities for untreated (light), mock treated (medium) and treated (dark) samples are shown for H 2 O 2 . A schematic representation of each promoter is shown with the region in bp or Kb upstream of the transcriptional start site (TSS) shown. The relative position of the occurrence of the different sequence elements in each promoter tested are indicated. The heat map displays the changes in transcript abundances for the genes whose promoters were tested for responsiveness to H 2 O 2 . A red colour indicates up-regulation and green indicates down-regulation. The genes are arranged numerically by AGI code. At1g02450, At3g50870 and At1g72200 transcript levels were called absent after MAS 5 normalisation. Figure 8. Summary of signalling pathways that regulate stress induced transcript abundance for genes encoding mitochondrial proteins. Three distinctive pathways egulate mitochondrial stress response at a transcriptional level, an SA dependent pathway represented by BCS1. A second pathway that represents a convergence point for signals generated by H 2 O 2 and rotenone that on several CAREs. H 2 O 2 and rotenone act at a transcriptional level, with some differences evident between genes, namely rotenone also has a repressive effect on specific regions of the AOX1a promoter, while rotenone has no direct effect on the promoter of UPOX. A third pathway that acts via EDS1 and PAD4 regulates only AOX1a. The AOX1a promoter is strongly repressed under normal conditions and is de-repressed upon treatment. The regulation of transcript abundance upon treatment with SA is regulated at a transcriptional level for BCS1 and post transcriptionally for AOX1a, NDB2 and UPOX. SA has a mall but significant effect on the UPOX promoter and this may be indirect by triggering oxidative stress (see text for details).
